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ABSTRACT

The ARBAT (Application of Radar to Ballistic Acceptance Testing of
Ammunition) radar system is presently being developed by Picatinny
Arsenal for range instrumentation purposes. This report covers the
development of the antenna subsystem through range testing of a 9-element
test array and assembly of the full antenna. The subject antenna is a
10 x 12 ft phase/frequency/mechanical scanning X -band planar array.
Elevation scanning is by means of phase variation obtained by program
controlled 4-bit diode phase shifters. In addition to the electronic scanning
capability, a manual tilt capability is included to accommodate range ter-
rain variations. Azimuth scanning is accomplished by frequency variation,
and limited mechanical rotation of the array by servo control. Mechanical
rotation is limited to £170 degrees which fulfills the requirements of the
application. The transmitter/receiver unit is mounted on the antenna back
structure. Connections to and from the transmitter/receiver and phase
shifter control electronics are made through a ''windup'' cable arrangement
eliminating the need for slip rings. The array is made up of 167 horizontal
dual-slot pair radiators fed by a vertical feed line. '

The antenna incorporates a performance monitoring feature which
functions as a confidence indicator and as a means for fault location down
to the single horizontal array level. This feature is implemented by means
of coupling each horizontal array, opposite the feed end, to a vertical
combiner, or performance monitor line. Residual RF energy in the
radiating sections is combined and detected to monitor array performance.
Simple diagnostic phase shifter exercising programs facilitate fault

location.
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ARBAT ANTENNA

1. DEVELOPMENT APPROACH

The ARBAT system required the development of an antenna to meet
the unique performance requirements of ballistic ammunition testing. The
approach followed for this development was standard in antenna design; a
paper design was first generated by means of computer analyses. Input
data for these analyses were based on preven design parameters generated
for similar antennas produced for other programs. An iterative process,
in which a single element followed by multiple horizontal array elements
were fabricated, tested and modified as necessary to optimize configura-
tion,was followed. A detailed illustration of the development/fabrication
sequence followed with the ARBAT antenna is shown in Figure 1.

1.1 Overall Characteristics

1.1.1 General Description. - The antenna is a planar array design with an
aperture of 10 ft x 12 ft. Beam scanning is accomplished by a combination
of electronic and mechanical means. The beam is scanned in elevation by
four-bit diode phase shifters (GFE), whereas azimuth scanning is by fre-
quency variation and mechanical rotation of the array. The mechanical
rotation capability is limited to a maximum of £170 degrees which fulfills
the requirements in ammunition testing applications. Provisions are
included in the antenna back structure design for a mechnical adjustment
(tilt) of 0 to 25 degrees in elevation. The back structure is designed to
support the microwave assembly, phase shifter power supplies and logic,
and the transmitter/receiver unit. In view of the less than 360 degree
rotation required (£170°),a cable 'windup'' scheme is used for power and
all input/output lines to and from the antenna which obviates the need for
slip rings. The artists sketch in Figure 2 illustrates the overall system
configuration concept. A more detailed view illustrating the back structure
concept is shown in Figure 3. The array contains 167 dual slot horizontal
radiators which are fed by a single vertical feed line via 90-degree wave-
guide twist and offset sections followed by 4-bit diode phase shifters. The
arrays terminate at a vertical performance monitor line at the end opposite
the feed line. The performance monitor line is a part of the performance
monitor and fault location feature incorporated in the system design.
Antenna performance determination is accomplished by the measurement
of residual RF energy at the extreme ends of the horizontal arrays (oppo-
site the feed ends). Coupling from the vertical feed line to the arrays and
from the arrays to the performance monitor line is by 4-port coupler
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NOTES TO FIGURE 1

NOTE 1:

Fabrication of 'dummy'' phase shifter waveguide sections with
Rexolite phase shifting block inserts for substitution in place of the diode
ifters which were not available at the time the tests were required.

phase sh
transformer with a maximum VSWR of

The Rexolite blocks provide a step
1.1:5. The phase shift increments of the Rexolite block/waveguide section

units were adjusted to £3 degrees by the application of dielectric tape
directly to the side of the block; phase shift was then measured at center

frequency.

NOTE 2:

A nine element test array was as sembled using the array elements,
short feed, waveguide twist sections, dummy phase shifter blocks and
These elements were assembled into a test
full array configuration except with a reduced
This test assembly was then moved to the test

couplers prepared earlier.
support to simulate the final
number of array elements.
range for the tests described later in this report.
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Figure 3. Back Structure/Transceiver Mounting

Ul




sections. Coupling sections at the feed end contain end loads and phase
randomization blocks. The 4-port couplers at the performance monitor
line section are designed with a common flange which mates with the
individual flanges at the output ends of each horizontal array element.
The performance monitor feature is implemented by terminating the
lower end of the vertical performance monitor line section with a crystal
video detector whose output is routed via coaxial cable to the monitoring
circuitry. A pictorial drawing showing microwave element configuration
and signal flow illustrates the basic antenna physical design, Figure 4.

The two photographs following show the assembled antenna micro-
wave section. The front side showing the horizontal array elements,
Figure 5; and the rear of the assembly showing back structure details,
vertical feed line, 90 degree twist waveguide sections, and phase shifters

is shown in Figure 6.
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Figure 5.

Antenna Assembly Front Array View
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1.2 Detailed Requirements

The following extracts from Appendix A of the contract Statement of
Work, include the basic performance requirements placed on the antenna
to be achieved when mounted on a suitable pedestal with servo control and
when coupled to the modified GFE transmitter for which the antenna has

been designed.

Pedestal assembly and transceiver modifications are parts

of forthcoming program phases.

1.0
1.1
1.1.1
1.1.2
1.2
1.2.1

Beam Steering

Electrical

Azimuth: 7.7 degrees minimum
Elevation: +£35 degrees minimum

Mechanical

Azimuth: +170 degrees rotation minimum at 40 degrees/
sec? while maintaining pointing accuracy during rotation.

The electrical beam motion shall be accomplished with
diode phase shifters in elevation and with frequency
scanned slotted waveguide radiators in azimuth. The
antenna shall be designed for electrical sequential lobing.
Provision shall be made for a mechanical adjustment

capability in elevation. The angle between the horizontal
position and the beam normal of the antenna shall have an
adjustable range of 0 to 25°.




2.0 Electrical Requirements

2.1 Detailed Specification
2.1, 1 Frequency Band - X
2.1.2 Center Frequency - See Note 1
2.1.3 Bandwidth for Frequency Scan - See Note 1
2.1.4 Azimuth Scan (Electrical): 7.7°
2.1.5 Elevation Scan (Electrical): +£35°
2.1.6 Bandwidth, 3 dB (Note 2)
Azimuth for 0° elevation . 559

for £35° elevation . 67°

Elevation for 0° elevation ., 66°
for £35° elevation .81°

2.1,7 Beam Pointing Error, Electrical
Elevation . 37 mrad
2.1,.8 Electronic Beam Switching Time 1.0 MHz

in Elevation

2.,1.9 Polarization Horizontal

NOTE 1: As stated in antenna design specificatiocn. (Contract
DAAA21-72-C-0725)
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2.1.10 Sidelobe Level (Note 2)
Azimuth at 0° elev. scan -25dB
at £359 elev. scan -23 dB
Elevation at 0°2 elev. scan -25dB
at +£35° elev. scan -23 dB
2.1.11 Terminal Gain at 0° Elev. scan
at Center Frequency 46. 0 minimum
(Note 3)
Terminal Gain at £35° Elev. scan
at Center Frequency 45.0 dB (Note 3)
2.1.12 Power Capability peak 30 kw
average 300 w
2.2 Major Subassemblies
2.2.1 For description and characteristics of GFE phase shifters
see Picatinny Arsenal Document Technical Description
TDPA-QAAR-2340,
2.3 Techniques Used
2.3.1 Wideband Operation for Frequency Scan
Appropriate techniques shall be applied to suppress
the grating lobes and improve the radiation pattern while
operating over the maximum bandwidth necessary for the
frequency scan in azimuth.
2.3.2 Phase Randomization
To avoid the quantization error of the 4-bit phase
shifter and the associated increase in sidelobe level, an
appropriate phase randomization technique shall be used
for each element of the horizontal array. The antenna
buffer shall be able to compensate for this additional
insertion phase.
NOTE 2: These parameters will be achieved at the center frequency.
NOTE 3: Based on an average phase shifter insertion loss of 2.5 dB.

11




2.3.3 Signal Coupling

To generate an optimum pencil beam with the most
efficient low sidelobe pattern, proper weighting (30 dB
Taylor excitation (N=4)) shall be applied by specifying
appropriate coupling apertures from the vertical feed to
the horizontal arrays and in establishing the slots in the
horizontal elements.

2.3.4 CW Mode

The requirements for a CW mode of operation, to be
added in the future, should be considered during the fabri-
cation and design modifications of the antenna.

2.3 Mechanical Requirements
2.3, 1 General Mechanical Requirements

2.3,1.1 The antenna array and its supporting structure shall be of
sufficient rigidity and strength to minimize the deflection
when subjected to the required acceleration and wind load -
ing. When assembled on an appropriate servo mount
pedestal (AN/SPS-48 or equivalent) and when subjected
simultaneously to 40°/sec® acceleration in azimuth and
20 mph wind load, the antenna system shall exhibit no
more than the following maximum deflection of the beam:

BASIC ANTENNA ANTENNA + PEDESTAL

(PHASE B) + VEHICLE (PHASE C)
a., Azimuth . 377 mrad max. . 660 mrad max.
b. Elevation . 184 mrad max. . 690 mrad max.

2.3.1.2 The antenna shall be properly designed, fabricated and
assembled to permit electrical and mechanical operation
in accordance with this and the complete ARBAT radar
system specifications when subjected to the environmental
conditions specified in paragraph 2.8.

In a non-operative state, the antenna system shall be
sufficiently rugged to withstand, without damage, vibration
and shock during transportation per paragraphs 2.7 and 2.8,
and wind loads and precipitation per paragraph 2.8.

12




Detailed Mechanical Specifications

Antenna Aperture Size: Height - 120 ins.

Width - 144 ins.
Total Antenna Width - 154 ins. (ref)
Adjustable Elevation Tilt 0 to 25°
Mechanical Pointing Accuracy
(deflection error due to all
loading, see para 2.3.1.1)az - .377 mrad max.

el -.184 mrad max.

Maximum Weight (Antenna,
transceiver, buffer, power
supplies, cables) without

pedestal 1700 Ibs. max
Antenna Microwave Hardware

The antenna shall include, but not be limited to, the
following microwave hardware:

Vertical Feed Line

90° Waveguide Twist (167)

Diode Phase Shifters (167)

Mounting Plate(s) for Phase Shifters

Horizontal Slotted Array Element (167)

Required coupling Elements, straight and angular (167 each)
Mechanical Mounting Structure

The microwave elements shall be securely mounted to a
back structure.

Protective Enclosures

13
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.3.5.01

2.3.5.2

2.3.5.3

A protective enclosure (cover) shall be provided for the
phase shifters.,

Weather-resistant, electrically non-interfering plastic
tape (tedlar-mylar or equivalent) shall cover the antenna
radiating slots and prevent entrance and accumulation of
water, sand and dust in the microwave elements.

The contractor shall supply a waterproof, soft plastic or
coated or impregnated cloth hood to protect the antenna
while not operated or while in storage.

Protective Finishes

The exterior surfaces of the antenna system (wave-
guides, mounting structure, enclosures, transceiver)
shall be covered with protective coating. The color shall
be silver or white, to minimize the heating due to solar
radiation. The interior surfaces shall have appropriate
corrosion-resistant finish.
Material Compatibility

Different materials in contact with each other shall
be chosen with careful regard to the electrochemical
series so that they are compatible and will not corrode
because of electrical potential differences.
Testing

The contractor shall perform the following tests:

Laboratory tests for microwave components (vertical feed,
horizontal array elements, etc).

Laboratory and range tests for the 9-element test array.
Calibration
All instrumentation used for laboratory and range

testing shall be properly calibrated with standards traceable
to the National Bureau of Standards.

14




2.6

2.7.2

Maintenance

For ease of maintenance, electrical and microwave
components shall be mounted so as to permit field testing
and replacement by qualified personnel.

Mobility/Transportability

In the next phase (C), the antenna system will be mounted
on a servo pedestal located on an antenna vehicle. The
vehicle will be transported by public highways and/or
railroads between proving grounds. Within the proving
grounds, graded, light duty, hard surface roads will be
used. However, the system shall be capable of being
moved at low speeds (5 mph) on unimproved dirt roads.
The antenna system shall be able to withstand, without
damage, the above transportation requirements.

During transportation within the proving grounds the
overall system height shall be less than 16 feet, 12 feet
desired. If it is necessary to lower the antenna to meet
this requirement, the lowering mechanism shall be self-
contained and hydraulically or hand operated. The width
of the system during transportation shall not exceed 8 feet.
When moving from site to site within the proving grounds,
a maximum set-up time of 8 hours is required, four hours

desired.

For transportation between proving grounds, it shall be
possible to deploy the system into a configuration trans-
portable over public roads and compatible with applicable
federal, state and local regulations. If necessary, sub-
system may be removed or lowered from the main assembly
with the aid of a crane (to be provided by Proving Grounds).

Environmental Requirements

Temperature

The antenna system shall be capable of operating in
an ambient air temperature range of -65°F to +165°F and
maintaining the accuracy requirements specified in section
2 for an ambient air temperature range of -20°F to +120°F,

15




2.8.

~1

Wind

The antenna system shall be capable of operating and
maintaining the accuracy requirements specified in section
2 in winds up to 30 mph. In addition, when the antenna is
secured and not operating, it shall be capable of withstand-
ing winds up to 75 mph.

Precipitation (Rain, Snow, Hail, Ice)

The antenna system shall be properly designed and
fabricated to prevent limitation in accuracy and operational
capability caused by internal leakage and accumulation of
precipitation. The effects of external accumulation should
be kept as low as possible by proper design.

Humidity

The antenna system shall be properly designed and
fabricated to prevent deterioration of system performance
due to humidity encountered in the continental United States.

Sand and Dust

The antenna system shall be properly designed and
fabricated to prevent sand and dust particles from entering
the interior of the system, accumulating there and causing
electrical and/or mechanical interference.

Solar Radiation

The antenna system shall be designed to operate under
extreme environmental conditions with a solar load of 360
BTU per square foot per hour taken at the worst orientation
of the sun relative to the equipment. To limit the heating
effect, the antenna system shall have an exterior reflective
color of silver or white.

Shock
The antenna system, when properly mounted on

servo pedestal and antenna vehicle, shall be able to with-
stand the effects of a 10g shock environment (any direction)

16




during transit by truck. The equipment shall be designed
to withstand humping loads common to rail transportation.

2.9 Reliability

The reliability of the antenna system shall be suffi-
ciently high to permit achievement of the desired objective:

MTBF for the entire radar system - 200 hours.

17




2. DESIGN DESCRIPTIONS

The following sub-sections provide brief descriptions of the major
components in the ARBAT antenna design. Detailed physical descriptions
are generally not included in this section, except that in some instances
basic dimensions are included on sketches to provide the reader with
sufficient information to facilitate visualization of the component described.

Test results for critical parameters are included for those compo -

nents where such tests are applicable.

Drawings for the antenna are packaged separately from this report
(3 copies supplied to Picatinny Arsenal and requests for copies should be

made there).

The following drawings are available at Picatinny Arsenal.

W oo
o N

oy Ul

~J

12,

Drawing

140300-1
140301-1
140311-1
140309-2
140309-2
140312-1
140312-2
140307-1
140313-1
140310-~1
140310-2
140317-1
140317-2
140315-1
140328-1
140328-2

Component/Assembly

Antenna Assy, ARBAT
Back Structure, Antenna
Twist, 90°, W/G
Array Assy, W/G
Parts List

Flange

Flange

Feed Line

Load Assy

Comb

Comb

Comb

Comb

Structure

Bracket

Bracket
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17,
18.
19.
20.
21.
22.
23.
24.
25.
26.
27,
28.
29.
30.
31.
32.
33,
34.

Drawing

140316-1
140318-1
140319-1
140320-1
140308-1
140325-1
140321-1
140322-1
140323-1
140324-1
140302-1
140303-1
140304 -1
140304-2
140305-1
140306-1
140326-1
140327-1

2.1 Back Structure

The antenna back structure is a rigid welded aluminum (6061-T6)
structure designed to support the microwave elements of the antenna with
the associated phase shifter drive electronics and the transmitter/receiver.
The structure is designed for mounting on a rotating pedestal which will
provide the mechanical portion of the required beam scanning capability.

A non-scalar structural schematic sketch is used for clarity in Figure 7 to

Component/Assembly

Panel
Bracket
Block
Retainer
Monitor
Load
Cover
Cover
Cover
Angle
Suppo rt
Support
Support
Support
Base
Clevis
Rod End

Clevis

illustrate the basic construction of the back support.

A full view, artists sketch, of the backside of the antenna with the
transmitter/receiver mounted shows the position of the transceiver/

mounting, Figure 8.
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The measured weight of the completed back structure is 722. 0 pounds
which includes the array positioning combs.

The obvious prime requirement for the back structure is rigidity and
desirably the rigidity should be achieved with reasonably light-weight.,

Computer defelection analysis results are shown in Figure 9.

The mechanical structure analysis for the total antenna structure is
contained in Appendix A.

20
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2.2 Horizontal Array Waveguide Sections

The radiating elements in the ARBAT antenna are horizontal array
waveguide sections. Radiation is via dual pairs of slots milled in the
natrow dimension side. Array waveguide sections are fabricated from
thin wall precision waveguide made from 6061-T6 aluminum alloy conform-
ing to MIL-W-85/6 requirements. This waveguide is 0,400 by 0,750 inches
inside and 0.476 by 0.826 inches outside. Each array section is 145.86
inches in length and contain 161 dual slot pairs (322 milled slots) in the
narrow dimension radiating edge. Each individual array section is fitted
with a flange at each end for mating with a diode phase shifter at the feed
end and with a coupler flange plate at the opposite or performance monitor
end. The flanges are welded at each corner to the mating waveguide and
the remaining area of contact is then sealed.

Before assembly of the horizontal array sections, the slotted side is
covered with a multi-layer RF transparent tape (G. T. Schjeldahl Co.,
Type G.133500-014) and all surfaces are eventually painted with white

epoxy paint.

Horizontal Array Section Test Data. - The following data represents
the individual element test results obtained for finalized configurations.
Consequently, the results presented represent the established require-
ments for which the production samples were later tested. This data is
generally presented in one of two forms, tabular or graphic and in all
instances the data is self explanatory., The following specific data is
contained in this section:

a. Insertion Phase Measurement/Comparison Test Set up
(Figure 10)

b. Insertion Phase Plot (after etching process) (Figure 11)

¢, Phase Error Plot (2nd aperture excitation at 9.3 GHz)
(Figure 12)

d. Phase Error Plot (2nd aperture excitation at 9.65 GHz)
(Figure 13)

e. Phase Error Plot (2nd aperture excitation at 10 GHz)
(Figure 14)



Amplitude Plot (1st aperture excitation at 9.65 GHz)
(Figure 15)

Amplitude Plot (2nd aperture excitation at 9. 3 GHz)
(Figure 16)

Amplitude Plot (3rd aperture excitation at 10 GHz)
(Figure 17)
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2.3 Vertical Feed Line

The vertical feed line provides the single RF connection between the
transmitter/receiver and the antenna. The RF input/output connection is at
the lower end of the vertical feed waveguide section. Connection to the feed
line is made with a short section of flexible waveguide. The vertical feed
distributes the input to individual horizontal arrays by way of four-port
coupling apertures into 90 degree twist sections that distribute energy to
and from the 167 horizontal array sections via the dicde phase shifters.

The 90 degree twist sections are attached to the vertical feed line by dip
brazing. The feed line and its position in the antenna assembly are shown in

the photograph, Figure 18.

Vertical Feed Line Configuration. - The feed line is 120, 52 inches
long and is fabricated in three separate sections from precision waveguide
(aluminum) per MIL-W-85/1. Waveguide dimensions are 0.400 x 0.900
inside by 0.500 x 1.00 inch outisde. See drawing 140307 for design details
(available at Picatinny Arsenal).

Vertical Feed Tests. - After finalization of design detail, tests to
determine actual insertion loss and VSWR were run. The results of the
tests are shown graphically in Figure 19 Insertion Loss, Figure 20 VSWR
(Elements 113 to 167), and Figure 21 VSWR (Expanded Figure 20).
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Line Feed
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in Assembled Antenna
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2.4 90 Degree Twist Crossguide Coupler Section

Horizontal array sections are coupled to the vertical feed line (via
diode phase shifters) by a 90° twist waveguide section with four port
coupling apertures. A loading block is inserted in the closed end of each
coupler section opposite the feed line. Four port coupling slots match
apertures in the vertical feed line. Attachment of coupling sections to the
feed line is by dip brazing. The physical configuration of the production
section is shown in the photograph, Figure 22,

Phvsical Configuration. - The crosscouplers are fabricated from
precision waveguide (6061-F aluminum alloy in accordance with MIL-W-
85/1). Figure 23 illustrates the configuration of the part. (See drawing

140311 for dimensions, available at Picatinny Arsenal.)

Coupler Testing. - Testing this element was relatively simple
because of its configuration and previous tests for terminating loads and
coupling slot dimensions. VSWR tests were conducted on a sample quantity
of coupling sections with results shown in Figure 24. '
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Figure 22.

Ninety Degree Twist Crossguide
in Assembled Antenna
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Figure 23.

Ninety Degree Twist Crossguide Section
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2.4.1 Load: Termination (Vertical Feed Coupler). - Equalizing termination
loads are required for each coupler section at the vertical feed line. The
loads used in the ARBAT antenna are fabricated from ECCOSORB 17 Com-
pound, which is molded and then machined to final dimensions. The load
element is then cemented to a waveguide cap plug and the assembly is
installed in the ends of each coupling section. The load element is drilled
for a 4-40 screw which further secures the load/plug assembly in the
coupling section. All load elements in the 167 couplers are of uniform

dimensions.

Load Test. - Sample loads were tested over the operating frequency
range to insure acceptable return loss values. The VSWR values obtained
from the finalized design are shown in Figure 25. For detailed design
including dimensions see Drawing 140313 (available at Picatinny Arsenal).
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2.4,2 Phase Randomization Blocks. - Phase randomization blocks are
used in the beam scanning path to reduce the degree of phase quantization
effect which may occur with digital phase shifters producing relatively
large phase shift increments.

The method of overcoming the possible occurrence of phase quanti-
zation effects in the ARBAT antenna is through the installation of a
dielectric material block in each 90 degree twist section. The blocks are

0
fabricated from Rexolite material in a single width ( 430 inch) and six

lengths (0.216; 0.207; 0.170; 0. 709; 0,722; and 0.769 inch). The phase
randomization blocks are installed in the narrow dimensions of each twist
section at the end adjacent to the phase shifter. Kach block is held in
place by a single screw and epoxy adhesive. The position of the block in
the 90 degree twist section is shown in Figure 26, The configuration and
dimensions for the series of blocks is shown in Figure 27.

Phase Randomization Block Tests. - The parameters of significance
in the phase randomization block design are insertion phase over the radar
bandwidth and return loss over the operating frequency range. The results
of tests using samples of each block configuration are shown in Figure 28,
Phase Randomization Block Insertion Phase vs Frequency and Figure 29,
Phase Randomization Block Return Loss vs Frequency
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Figure 26.
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Phase Randomization Block Location in Coupler
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2.5 Diode Phase Shifter

The ARBAT antenna uses digitally controlled diode phase shifters to
phase the energy radiated by the horizontal array elements in accordance
with computer/software controlled logic. Phase shifter control in the
ARBAT antenna permits control of the pencil beam over the range of £35
degrees in elevation with respect to beam normal. The ARBAT antenna
requires 167 phase shifters which have been supplied as Government

Furnished Equipment.

The reciprocal phase shifters provide four-bit phase control over the
range of 9300 to 10,000 MHz. A total of 16 phase states may be set by the
logic control resulting in a phase state range of 0 to 337. 5 degrees in 22.5

degree increments.

The phase shifter unit package includes a driver circuit and space
for a logic decoding package. The input to each phase shifter package
comes from a beam steering buffer unit. The control logic for the array
(167 phase shifters) functions in a serial mode and, the decoding process is
similar to signal progression through a long shift register. Each phase
shifter contains two four-bit shift registers as shown in the block diagram
of Figure 30. The four-bit command is clocked into the first register of
phase shifter number 1 on the first shift command. A load signal transfers
the four-bit command to the second register whose outputs drive the phase
shifter assembly. A second shift command transfers the four-bit command
to the first register of the second phase shifter where it is loaded by a load

command.

The sequence described above is repeated from phase shifter to phase
shifter with each decode logic assembly receiving data from the previous
one (along with the bussed control commands). The output of the 167th
logic assembly is fed back to the beam steering buffer for integrity

verification.

The sampled output of each driver is then amplified and sent to built -
in test equipment and compared to the phase-set command. A determina-
tion is made as to whether the phase shifter is receiving the correct
command, and incorrect command, or if commands are reaching the unit.

The output voltages of the driver power supplies are also monitored.

The outputs are compared with a predetermined reference voltage from a
voltage regulator. If the output voltages vary by more than 5 percent, an
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"abnormal'' condition is indicated. Phase shifter logic control organization
is illustrated in Figure 30. Phase shifter position in relationship to the
90 degree twist waveguide section is shown in the assembled antenna in the

photograph, Figure 31,

FROM BEAM _ _
STEERING — == REGISTER 1 REGISTER 1 Gt REGISTER 1
BUFFER
. TO BEAM
% STEERING
BUFFER
REGISTER 2 REGISTER 2 REGISTER 2
/ ¥ |
PHASE PHASE PHASE
SHIFTER SHIFTER SHIFTER
@ NO. 1 NO. 2 so0e00 NO. 167
H
v
o
~0
™~

Figure 30. Phase Shifter Decode Logic Organization
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2.6 ARBAT Antenna Performance Monitor Concept

The purpose of the performance monitoring features incorporated
into the ARBAT antenna design is to provide a dynamic checking capability
on the operability and performance of the overall antenna subsystem. In
addition to the latter basic function, the monitor capability facilitates the
location of defective components or components operating in a degraded

mode.

The performance monitoring function in the ARBAT antenna is
accomplished by the inclusion of the performance monitor line and monitor
line couplers described in the following section (2.6.1), The additional
components required to monitor the signal detected at the output of the
vertical monitor line are not parts of the antenna and are not described in

this report.

In operation, overall general antenna performance may be ascertained
by observing the pattern presentation on a monitor display. If the
observed display is abnormal indicating degraded performance, a special
diagnostic routine generated by the CPU may be initiated which supplies
logic commands to the phase shifter control circuitry. By means of these
diagnostic commands, the cause of the abnormal display may be localized
to the individual horizontal array element and/or phase shifter in the indi-
vidual array section that is responsible for the indication.

The sketches in Figure 32 (Performance Monitoring Concept) illus -
trate the fault detection process.

Point A of the antenna fault detection approach schematic is the
location of a single ended mixer. At this point, a signal from a good
antenna would be similar to the second illustration when the phase shifters
are programmed through a standard scan. If the antenna has component
failures affecting the elevation pattern, overall system performance will
be degraded, and the sidelobe pattern will be distorted as in the third
figure.

To localize the particular waveguide/phase shifter element, each
phase shifter may be separately cycled linearly in phase. In a good system
the amplitude waveform at point A will go through a negative zero crossing
as the phase is cycled through the 90 degree phase shifter point.
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Figure 32. Performance Monitoring Concept
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A circuit coupled to point A, consisting of a gate seeking coincidence
between a pulse generated at the negative zero crossing and another gener-
ated at the 90 degree phase instant,will provide an output if the element
conditions are normal.

2.6.1 Performance Monitor Line, - The performance monitor line is
connected between the last dual slot pair and the terminating load in each
horizontal array section. The purpose of the performance monitor line is
to collect the residual RF energy that is not radiated in each horizontal
array. The residual energy is combined in the line and is detected by a
diode detector connected to the lower end of the line by a coaxial line
which is not a part of the antenna proper. The detected signal resulting
from the combination of residual energy contributed from all elements is
used to provide a dynamic check on antenna performance/status during

operation.

The performance monitor line is fabricated in three separate sections
using precision waveguide (0.400 x 0.900 inch inside dimension by 0.500 x
1.000 outside dimension) for the vertical feed line and smaller precision
waveguide (0.400 x 0.750 inch inside by 0.476 x 0,826 inch outside dimen-
sion) for the horizontal coupling sections. The couplers, as will be noted
are fabricated from the same material (type and size) as the horizontal
array elements.

The coupling sections contain a milled nondirectional four port slot
which couples the short horizontal sections to the vertical monitor line.
Each coupling section is terminated with a matched loading block. The
coupling coefficients of the sections are adjusted carefully to match the
Taylor excitation generated by the vertical feed line. The coupling value
is a function of slot length. The coupling values are maintained low in
view of the low energy level required for the performance monitoring
function.

The slot dimensions used for the 167 coupler sections in the ARBAT
antenna are contained in Figure 33. Slot coupling values in voltage ampli-
tude, coupling power ratio and coupling in dB on which the slot configura-
tions were based are listed in Figure 34.

The performance monitor line is shown in the assembled antenna in
Figure 35 and a closeup view of a section of the line shows mounting details
(Figure 36).
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Figure 35.

Performance Monitor Line in Assembled Antenna
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Figure 36.

Periormance

Monitor Line (Close-Up View)
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2.6.2 Loads: Performance Monitor Line. - Equalizing termination loads
are required to terminate the horizontal array RF signal path, which in the
ARBAT antenna is the extreme end of each coupling section attached to the
performance monitor line. The performance monitor line loads are fabri-
cated from material identical to that used for fabrication of the vertical
line feed load elements, however the design and method of installation
differs radically. These load elements are of uniform dimensions for all
167 elements. Oversize loads are molded from ECCOSORB 17 compound
using an appropriate catalyst and milled to final dimensions. The load
clements are chamfered at each edge of the surface contacting the wide
dimension of the waveguide. In installation the load element is pressed
into the waveguide together with a precut section of foam material the
width of the load element and of a height to fully fill the space between the
top of the element and the top inside wall of the waveguide above the load.
The foam block holds the load firmly in place and epoxy adhesive is
injected into the openings produced by the champfer at each corner of the

waveguide.

For detailed design of the load element see Drawing 140325, Load,
Monitor (available at Picatinny Arsenal).

T.oad Tests. - Tests to ascertain the return loss (VSWR) of the final

load design were run throughout the antenna operating frequency range.
Results of the tests are shown in Figure 37.
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3. TEST PROGRAM

Antenna Pattern Measurements

A major part of the ARBAT antenna development phase was the fabri-
cation, testing, modification and retest of critical elements comprising the
antenna subsystem. The procedure, which followed the paper design and
computer analyses, was based on intermediate test results of single com-
ponents followed by three* array range tests. On completion of these tests
and after incorporation of changes determined necessary to optimize
component design, a nine element test array was assembled using the
optimized components. The nine element array configuration was selected
as the minimum number of elements capable of producing patterns that
reliably reflect the validity of the component designs, providing a confident
prediction of the complete array performance.

3.1 Short Array (3 Section) Tests.

The 3 section array tests were made using a single excited horizontal
array section between two "dummy'' array sections positioned to provide a
realistic environment for the active element. Short comb sections were
used to maintain the relative positions of the three elements. The 3 section
array was assembled and tested in the Van Nuys plant RF test chanber for
insertion loss, VSWR (return loss) and phase error. The results of these
tests are contained in the following figures. The last illustration is a
computed pattern prediction based on the 3 element array phase and ampli-

tude excitation measurements.

Figure 38. Horizontal Array Element Insertion Loss

Figure 39. Horizontal Array Element Return Loss

Figure 40. Horizontal Array Element Return Loss (Expanded D2 RL)
Figure 41, Predicted Pattern (3 Element Test)

*One Excited Array and Two Dummy Arrays
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3.2 Nine-Element Test Array

The nine-element range tests were designed to determine the validity
of all previous tests and modifications resulting from intermediate single
element testing and the three element tests in the preceding section. For
the purpose of these tests it was necessary to introduce phase changes in
each horizontal array input by means of small waveguide sections contain-
ing Rexolite phase shift blocks in lieu of the diode phase shifters which
were not available. The phase shifting elements fabricated for these tests
duplicate the electrical function of the phase shifters and insure that the
results obtained are transferable to the same array if excited via the phase
shifters which will be used in the operational system. Mechanically, the
Rexolite block phase shift devices differed significantly from the actual
diode phase shifter, as will be noted in the test array sketch, Figure 43,
largely in that an "in-line' configuration was used in the test device
assembly, whereas the diode phase shifters contain a 90 degree bend at
the point at which the connection to the horizontal array is made. A
quarter wave transformer was inserted between the phase shift test device
and the horizontal array elements.

Horizontal arrayv elements for the nine-element test array included
one array element fabricated during the earlier tests in which a single
array was tested singly and mounted between two '"dummy'' elements to
form a three-array assembly. In order to provide a realistic electrical
environment for the nine-element array, a '"dummy'' horizontal element
was positioned on the outside of the first and last excited elements in the
test assembly.

A short vertical feed line was fabricated for use with the test array
assembly. The nine-element test array pictorial schematic is shown in
Figure 42. The test array is shown mounted on a test fixture during range
tests in Figure 43.

After alignment of the test array with the transmitting antenna, tests
were conducted to determine elevation scan angles versus phase shift
increments and azimuth patterns at beam normal, mid scan, and at scan
limits. All tests were repeated at 9.3, 9.65 and 10.0 GHz.
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3.2.1 Test Patterns

Figure 44. Nine-Element Test Array Elevation Scan

Figure 45. ARBAT 9-Element
Figure 46. ARBAT 9-Element
Figure 47. ARBAT 9-Element
Figure 48. ARBAT 9-Element
Figure 49. ARBAT 9-Element
Figure 50. ARBAT 9-Element
Figure 51. ARBAT 9-Element
Figure 52. ARBAT 9-Element
Figure 53. ARBAT 9-Element
Figure 54. ARBAT 9-Element
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Figure 43,

Nine -Element Test Array Assembled
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4, SUMMARY OF TEST RESULTS

Test results throughout the ARBAT antenna development program
have been consistent with the design goals and with the performance of both
component parts tested individually and as partial arrays.

Scan coverage and radiation patterns demonstrated in the nine-
element test array range testing program were in accordance with the
design requirement and predicted performance.

Based on extensive experience in the development of similar antenna
subsystems, the results from the 9-element tests can be assumed to be
reliably indicative of the full (167 element) array performance with the
operational phase shifters.
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